The hearing threshold for low frequency (LF) tones was measured in a pressure field to investigate the effects of ageing on hearing sensitivity. Participants were young adults around 20 years old and older adults over 60. Measurement results showed that the older listeners had a higher threshold, on average, than the young listeners. The difference of median thresholds between these two groups was about 10 dB at every measurement frequency. Furthermore, hearing abnormalities other than age-related hearing loss showed no great effect upon the LF thresholds. Comparison of LF thresholds and audiograms (i.e. mid and high frequency hearing) of the older listeners revealed only moderate correlation between them. These results suggest that older people retain good hearing sensitivity in the LF region, in contrast to their often-degraded sensitivity at higher frequencies. Therefore, in LF noise evaluation, we should carefully regard the possibility that older listeners can perceive a low level LF noise.
INTRODUCTION
Hearing thresholds for pure tones have attracted the interest of hearing researchers and acoustic engineers for many decades. An average threshold curve was established for young, otologically normal listeners as an ISO standard (e.g. Ref. [3] ). In contrast, the hearing thresholds of older listeners have not been well investigated, especially those in the low frequency (LF) region of 100 Hz and below. Hearing sensitivity decreases progressively as humans become older. Considering results of studies of hearing thresholds at high frequencies, it is expected that older people may have a higher threshold at LF frequencies as well.
The effects of ageing on the LF threshold have not been clarified in the relevant literature. Møller and Pedersen [4] reviewed studies of hearing thresholds of older people at LFs [5] [6] [7] [8] . Among the studies, only Teranishi [6] reported a noticeable age effect for the screened listener group aged 55-64, at frequencies of 1000 Hz and below. Consequently, Møller and Pedersen concluded that "up to 1000 Hz there is no effect of age up to about 55 years. " Inukai et al. reported in their preliminary study [9] that older listeners, 60-76 years old, generally exhibited a higher threshold in the LF region than younger listeners in another study [10] did. Unfortunately, the age effects in their measurements were obscured for two reasons. First, the ages of the 'younger' listeners in those studies ranged widely, from 19 to 62 years. Second, the listeners in those two studies were not screened rigorously for hearing abnormalities that were unrelated to ageing. For those reasons, based on their studies, it seems difficult to derive a definite conclusion related to the impaired hearing sensitivity in the LF region that is attributable solely to ageing. Laboratory studies of the ageing effect have practical importance for LF noise evaluation. It has been reported frequently that elderly people (women in many cases) tend to complain about LF noises [11] [12] [13] . Dutch guidelines for LF sound determined its assessment criterion based on hearing thresholds of people aged 50-60 years [13] . However, the observation that many LF complaints are made by older adults apparently contradicts the assertion that they must have degraded hearing sensitivity attributable to their ageing. Therefore, it is necessary for purposes of noise evaluation to investigate the LF hearing profile of older adults more profoundly.
Using listeners older than 60, the present study is intended to elucidate the effects of ageing on hearing thresholds for LFs. For comparison, the hearing thresholds of young listeners were also measured under identical conditions. These threshold data were then analyzed in terms of participants' hearing abnormalities and gender. Furthermore, the threshold values of older listeners were compared using individual audiograms for conventional measurement frequencies. This comparison was intended to investigate the relationship between the hearing sensitivity at low and higher frequencies. Results of these examinations will help elucidate the hearing profile of senior citizens and enable estimation of the population of listeners who have better hearing sensitivity for their age and who might therefore encounter LF noise problems.
THRESHOLD MEASUREMENT 2.1. Method
The hearing threshold for LF pure tones was measured in a psychoacoustic experiment. The tone frequencies were 10, 20, 40, 80 and 160 Hz. The tone duration was 1650 ms, including a rise/fall time of 150 ms. Signals were generated digitally using a personal computer at a sampling frequency of 44.1 kHz with 24-bit resolution and fed into a D/A converter (UA-5; Roland Corp.) and a 16-channel sound reproduction system with power amplifiers (IP-300D; TOA Corp.). The tones were presented to listeners via 16 loudspeakers with a diameter of 46 cm (HLS46S-8; TOA Corp.), which were mounted on a vertical wall of the chamber in a two-dimensional four-by-four array. A listener's chair was set 3.15 m distant from the speaker array. The listener sat on the chair, facing the loudspeakers.
The bracketing method [14] was used to estimate the hearing threshold. A test tone was presented to the listener repeatedly, its level being varied by 5 dB. The interval between tones was changed randomly from 1000 ms to 2000 ms at every presentation. Listeners were instructed to press a key when they detected a target tone. Five successive runs were conducted four times at each frequency. The first run was always an ascending series for familiarization; it was excluded from the threshold calculation. Consequently, 16 measurement values were obtained at each frequency from every listener. The level of the target tone was calibrated at the listener's position: the midpoint of both of the ears when the listener was absent.
Measurements were conducted in a low frequency pressure-field chamber at AIST [10] . The interior dimensions were 2.5 m (W) x 3.5 m (D) x 2.6 m (H). The sound pressure level of background noise was about 11.5 dB (A) at the listener's position. The one-third-octave band level of the noise was lower than the normative threshold value [3] by more than 10 dB at every measurement frequency. Sound levels at points 0.15 m from the listener's position on the left-right and up-down axis did not deviate by more than ±1 dB at any measurement frequency. However, they deviated by more than ±1 dB on the front-back axis at 80 and 160 Hz. For that reason, the position of the listener's head was determined carefully before measurement. A small headrest attached to the chair restricted front-back head movement.
Study participants were 54 university students (35 men and 19 women) of 19-25 years old and 41 older persons (20 men and 21 women) of 61-83 years old, who were introduced by a local employment agency. Otoscopic examination, monaural
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pure-tone audiometry, tympanometry, and inquiries about difficulties in hearing were conducted to screen the participants for otological abnormalities.
Results and discussion
Screening of participants
For the threshold calculation described below, study participants were screened based on the following criteria: (1) a middle ear pressure out of the range of ±50 daPa, (2) intensive exposure to loud sounds in the workplace or in daily life, (3) a history of a severe ear disease or injury, (4) familial hearing loss, and (5) an unbalanced threshold between left and right ears at any of the measured frequencies, the criterion being a threshold difference of 30 dB or larger. Criteria (1)- (4) were adopted from Ref. [15] .
In the young group, three participants showed hearing abnormalities for criterion (1) or (5); their data were excluded from the threshold calculation. Consequently, the number of young listeners was 51 (33 men and 18 women). The threshold data of the screened listeners are used as a reference in the following sections.
Regarding the older group, 19 of the 41 participants showed an abnormality related to some cause, possibly not solely attributable to ageing: 13 participants for criterion (1), 6 for criterion (2) , and 6 for criterion (5); some participants showed plural causes. However, their measurement data were not excluded from the threshold calculation: instead, thresholds of 41 listeners before screening and 22 listeners after screening (9 men and 13 women) were compared (see Sec. 2.2.2). Using this procedure, both pure ageing effects and hearing difficulty of the general, non-screened population were clarified. Figure 1 shows audiograms of individuals in the two age groups. The values are averages of both ears, expressed as hearing levels [16] .
Comparison of hearing thresholds of older listeners before and after screening
The median of 16 measurements at each frequency was first calculated to obtain the respective hearing thresholds of individual listeners. A group median and percentiles were then calculated using those individual medians. Figure 2 presents a comparison of the hearing thresholds of screened and unscreened older listeners. Through the screening process, nearly half (47.5%) of the participants were excluded from the threshold calculation. Nevertheless, this figure shows that only a slight difference existed in median thresholds before and after screening and that the 90% ranges of their respective thresholds substantially overlapped.
The threshold values of those listeners who were excluded and not excluded according to the screening results were compared using a 2 × 5 (screening × tone frequencies) analysis of variance (ANOVA) with a statistical software package (SPSS 14.0.2 J for Windows; SPSS Inc.). The ANOVA result showed that the main effect of screening was not statistically significant [F(1, 39) = 1.04, p > 0.05]. Therefore, the hearing abnormalities of the listeners who were excluded by the screening had little effect on their LF thresholds. The relationship between the LF thresholds and hearing abnormalities is discussed further in Sec. 2.2.5.
The effect of screening was not significant. Therefore, the threshold data of older listeners before screening are presented in the following sections for the purpose of revealing the hearing characteristics of ordinary population. Although not presented graphically, the threshold data of older listeners after screening were also submitted to statistical analyses; the results are described where necessary. Figure 3 compares the hearing thresholds of the screened young listeners and unscreened older listeners. The ISO threshold values [3] are also presented for comparison. This figure shows that the thresholds of young listeners agree remarkably well with the ISO values. This agreement suggests that the measurement procedure used for the present study is comparable to that of the standard and that the young listeners are representative of an otologically normal population.
Comparing the hearing thresholds of young and older listeners
Vol More importantly, Fig. 3 depicts that, although the older listeners had a higher threshold, on average, than the young listeners, the difference in thresholds between these two groups was not so large as might be expected: about 10 dB or less at every measurement frequency. That threshold difference is much smaller than that observed in their audiograms ( Fig. 1 ): more than 35 dB at 8000 Hz, for example.
Teranishi [6] reported a similar age effect: the median threshold difference between 18-24 and 55-64 age groups was 11 dB at 63 Hz and 10 dB at 125 Hz. His subjects were screened medically. The study of Inukai et al. [9] involved the problems described in the Introduction: the lax screening procedure and the wide age range of 'young' listeners. Consequently, the age effect that they reported was not so different from that obtained in the present study, which might be because the screening for hearing abnormalities does not change the median threshold of older listeners substantially (see Sec. 2.2.2). In addition, data of a few older listeners Median thresholds of older listeners before and after screening. The error bar shows the 90% range (the interval between the 5th and 95th percentiles) Figure 3 . Median thresholds of young and older listeners. The error bar shows the 90% range (the interval between the 5th and 95th percentiles). The asterisk is the minimum value within the group.
mixed in with those of the young group showed no large effect on the group average threshold. The age effect in thresholds was also supported by statistical analysis. According to the results of a 2 × 2 × 5 (age groups x gender x tone frequencies) ANOVA, the main effect of age was statistically significant [F(1, 88) = 69.6, p < 0.01]. Notwithstanding, some older listeners retained good hearing sensitivity that was comparable to that of average young listeners, as implied by the 90% range and the minimum thresholds shown in Fig. 2 . Therefore, we can say that older adults have a higher threshold for LF tones on average, but that some are as sensitive to those tones as young adults with normal hearing. Figure 4 presents a comparison of the median thresholds of male and female listeners of the two age groups. Panel (a) shows that the female listeners of young group had better hearing sensitivity than that of the male listeners: about 5 dB at best. Yamada et al. [7] obtained a similar result: women are more sensitive than men by around 3 dB at frequencies between 12.5 and 63 Hz. The subjects of that study were university students of around the age of 20. Contrary to that, Fig. 4(b) shows that the older female listeners had a median threshold that was nearly equal to or higher than that of male listeners. Not only the median threshold was higher: the whole distribution of individual thresholds was shifted toward a higher level, as the 90% range thresholds indicate. The ANOVA result confirmed the tendency: the two-way interaction between age groups and genders was statistically significant at a significance level of 0.1 [F(1, 88) = 3.48].
Gender difference in hearing thresholds
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The gender difference observed for the older listeners diminished after screening. However, it remains detectable at the lowest two frequencies.
In summary, there seems to be a gender effect in LF thresholds: younger women have a lower threshold, on average, than younger men do; older people exhibit opposite characteristics.
Relationship between hearing thresholds and audiometric thresholds
The LF thresholds such as those measured in the present study are not easily obtainable because their measurement requires specially facilities. On the other hand, threshold measurement with a pure-tone audiometer is rather common. If the hearing sensitivity for LF tones was closely correlated with that for tones of higher, audiometric frequencies, audiometry could be used to evaluate the potential risk of a person who might suffer from LF noise. Before the threshold measurements, all participants undertook an audiometric test for pure tones of 125-8000 Hz at oneoctave intervals. The individual audiometric thresholds are presented in Fig. 1 . Using those data, the correlation between the thresholds of the two measurements was examined. Figure 5 shows the relationship between the LF thresholds of individual older listeners before screening and their audiometric thresholds. The audiometric threshold values were those of the better ear, averaged over 500, 1000, 2000, and 4000 Hz for each listener. The regression line for each LF frequency is superimposed on the figure. The coefficients of correlation for older listeners before and after screening are summarised in Table I. The slopes of regression lines and the coefficients of correlation indicate only a weak correlation between those two variables. Consequently, a person with a degraded hearing ability at higher frequencies might have acute sensitivity to LF tones, or vice versa. It was also the case for the listeners after screening, suggesting that individual thresholds did not change correlatively at low and high frequencies because of ageing.
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Relationship between the LF thresholds, at 10-160 Hz, of individual older listeners before screening and their audiometric thresholds of the better ear averaged over 500-4000 Hz.
Therefore, we can conclude that the hearing abnormalities-a shifted middle ear pressure, extensive exposure to loud sounds, and an unbalanced threshold between left and right ears, as well as age-related hearing loss at conventional audiometric frequencies-exert only a weak influence on the thresholds in the LF region. Although those hearing impairments were widely observed among the older listeners, they are not always an indication of degraded sensitivity to LF sounds. 
GENERAL DISCUSSION
The measurements used in this study showed that the thresholds of older listeners were generally higher than those of younger listeners. However, the difference was not so large as might be expected in relation to the degraded audiograms of older listeners. In fact, their audiometric thresholds did not correlate strongly with their LF thresholds. Furthermore, some listeners had hearing sensitivity that was as acute as that of young listeners: the hearing threshold distributions of both groups substantially overlapped. Consequently, these results imply that, in noise evaluation, we must carefully regard the possibility that some percentage of senior citizens can perceive an LF sound at a very low level.
As described in the Introduction, not young people, but rather older people, especially women, tend to complain about LF noises. This study did not provide clear evidence that elderly women are more sensitive to those sounds than elderly men or young people.
Therefore, we cannot attribute the cause of complaints solely to their hearing sensitivity: factors other than sensory abilities, such as their living conditions, exposure period, and psychological tolerance, might influence the susceptibility of senior citizens. Furthermore, a 'spectral imbalance' may intensify the effects of those factors. Because older people have a more severe hearing loss at higher frequencies, they are forced to hear sounds that are psychologically weighted more at LFs. This imbalance can develop their mental set to react more sensitively to LF sounds than younger people do.
Although results of this study underscore the potential risk of LF noises for older adults, the behaviour of a person, particularly whether that person will complain about a LF noise or not, is another issue. In fact, Inukai et al. [11] showed that not all LF noise sufferers had a lower threshold than ordinary adults: rather, they can be characterised by an extremely narrow range between their hearing threshold and the acceptable limit to an LF tone.
Another possible cause of LF noise problems is tinnitus [17] . The present authors have encountered several cases in which elderly people complained of a LF noise problem, but the actual noise source was unidentifiable. In one case, a precise measurement of the sufferer's hearing ability revealed an unusual rise in her threshold curve in LF region. It was suspected that the threshold elevation was caused by her tinnitus because the frequency corresponded to the pitch of sound that was coming, she thought, from the outside.
In threshold measurements, tinnitus can affect the result either adversely or
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favourably: the threshold might increase, as in the case above because the tinnitus disturbs the detection of a target tone. Alternatively, the threshold might decrease because the listener detects tinnitus and falsely reports detection of a target tone even when its level was below the threshold. These two responses of listeners are not distinguishable using the threshold measurements conducted in this study. Development of a psychoacoustic method for detecting tinnitus efficiently will be an essential issue for investigating cases in which a near-threshold low level LF noise might be involved.
CONCLUSION
Using young and older adults as listeners, hearing thresholds at frequencies of 10-160 Hz, inclusive, were measured. The results of measurements revealed the following:
(1) Older listeners had a higher threshold, on average, than the young listeners, but the difference was only about 10 dB or less at every measurement frequency; (2) The median hearing threshold of the older listener group did not change substantially after screening for their hearing abnormalities; (3) Only a weak correlation was found between the LF thresholds and the audiometric thresholds averaged over 500-4000 Hz; (4) Summarizing the observations described above, we can conclude that hearing impairments at higher frequencies have a limited effect on the LF thresholds; (5) Some older listeners have retained hearing sensitivity for LF tones that is as good as that of young listeners. For that reason, the possibility must be considered during LF noise evaluation that older noise sufferers can perceive a low level LF noise, just as younger people do; (6) The young female listener group had a slightly lower threshold, on average, than the male group, although the older listener groups showed the opposite effect of gender. However, these effects were not statistically significant.
